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SUMMARY

A self-—synchronizing stroboscopic schlieren system developed for
the visuvallzation of umsteady air flows about aerodynamic bodies in
wind tunnels is described. This instrument consists essentially of a
conventional stroboscopic schlieren system modified by the addition of
electronic and optical elements to permit the detailed examination of
phenomensa. of cyclic nature, but of fluctuating frequency. An additional
feature of the device makes possible the simulation of continuocus slow
motion, at arbitrarily chosen rates, of particular flow features.

Physically, the instrument is a schlieren system having two light
paths with displaced light sources and focal points but using common
primary reflectors. One of these light paths, utilizing a steady light
source, is intercepted by & phototube, which receives signals in the
form of changes of light Intensity corresponding to fluctuations of the
alr—stream density. The output of this phototube In turn triggers a
stroboscopic light source, thereby producing a stationary image of an
oscillating disturbance in the other light path, Simlated slow motion
is obtained electronically by causing the fiash of the stroboscopic

light to lag the synchronizing signal from the phototube by a constantly
increasing increment of time.

Circuit descriptions and an itemized list of the components used are
presented.,

INTRODUCTION

The fundamental study of such aerodynamic phenomens as shock—wave
boundary—layer interaction, development of vortices in a Kdrmdn vortex
street, and pulsating flows in air—induction systems often makes desir—
able the detailed optical examination of oscillating air flows about
wind—tunnel models. This examination is commonly accomplished by means
of stroboscopic schlieren equipment. It is invariably discovered, how—
ever, that the smll variations in velocity to which subsonic wind—tunnel
flows are subject are reflected as variations in the frequency of the
disturbance wmder investigation, Furthermore, in many instances the
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frequency of the phenomenon proves incomstant. The fr;quency veriations
from these two sources are often sufficiently erratic that no visual
continuity can be obtained with conventional stroboscopic equipment.

To satisfy the need for an instrument permitting the visualization
of fluctuating—Ffrequency flows, the develomment of a self-—synchronizing
stroboscoplc schlieren system was undertaken. The essential requirement
was that the stroboscopic frequency be controlled by, and be in synchro—
nism with, the particular flow irregularity of interest in the investi-—
gation. Additional desirable features were a method to effect slow motion
of the image of the disturbance through its cycle during visual observa—
tion, and a method for metering the average frequency of the disturbance.
The instrument wes to be capable of dealing with phenomena having fre—
quencies as high as 10,000 cycles per second.

This paper describes the self—synchronizing stroboscopic schlieren
instrument developed to satisfy these requirements and certain limita-—
tions controlling the effective application of the instrument. Selected
photographs are presented to provide typical illustrations of the flow
detail visible to an observer, and of the flexibility of the Instrument.

DESCRIPTION

A perspective view and a block diagram of the instrument are given
in figures 1 and 2, respectively, The instrument consists essentially
of a dual schlieren system and assoclated electronic controls.

The primary schlieren system utilizes a constant—intensity light
source., Variations of the light intensity in a selected portion of the
viewing field of this system are used to control the flashing of the
light source of a secondary schlieren system. By appropriate selection
of the size and position of the controlling portion of the primary field,
the flashing of the secondary light source can be made to coincide with
the instants at which successive occurrences of the phenomenon being
studied have reached a fixed geametrical position. It can be seen that
the over-all result is to produce-a stroboscopic effect which is inde—
pendent of the regularity of the phenomenon being studied.

A cyclic presentation of the growth and motion of the phenomenon is
obtained by controlled delay of the flashing of the stroboscopic light
source. Bach successive control signal received from the fluctuating
light in the primary viewing field is delayed by a constantly increasing
interval. The effect of the constantly increasing delay is to present
images on the viewing screen of the secondary schlieren which show the
disturbance at different phases of its development., The combined effect
of many images is to produce an illusion of viewing the development of
the disturbance in slow motion.
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Optical Equipment

The two schlieren systems have separate light sources, images,
knife—edge posltions, and focusing planes, but they utilize the same
primary reflectors.

The method by which the primary system detects distrubances and
actuates the stroboscopic system may be seen fram an inspection of the
light paths shown in figure 2. Light rays from the primary source (1)
are collimated by the first reflector (2), traverse the wind—tunnel test
section, and are then focused by the second reflector (3) at the knife
edge (4). A small plane mirror (5) inserted in the plane of the image
formed at (6) directs a light beam to the phototube (7). This mirror is
placed in the area traversed by the image of the fluctuating disturbance
being investigated (e.g., a moving shock wawve)., The knife edge (4) is
adjusted to maximize the variation of light intensity impinging on the
phototube. The phototube responds to the fluctuating light intensity
and produces an electrical signal which is used to control the flashing
of the light source of the secondary stroboscopic schlieren system.

The optimm size of mirror (5) is determined by the size of the
particular object belng examined. For the applications described, repet—
itive flashes at identical points in the cycle were obtained with a
1/64—inch-diameter mirror in an image field of 2—inches diasmeter.

Electronic Components

A block diagram of the electronic equipment through which the cur—
rent generated by the phototube controls the flashing of the light source
for the stroboscopic schlieren system is also illustrated in figure 2.
This equipment also indicates the average frequency of the disturbance
and provides the simlated slow motion of the cyclic phencomenon on the
secondary viewing screen.

A schematic representation of the ﬁoltage output as a function of
time for the various blocks is presented in figure 3.7

The output of the phototube is passed flrst through the filter
(fig. 2, block 8) to remove all signals of frequency greater than some
predetermined amount, which in this case is 10,000 cycles per second.
The output of the filter (fig. 3(a)) is amplified (fig. 2, block 9) and
sent to a frequency indicator (fig. 2, block 10) where the arithmetical
average frequency is Indicated. The frequency indicating circuit also

1For simplicity the wave forms of figure 3 are idealized and not intended
to be accurate reproductions.
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changes the wave form of the amplified phototube electrical signal to a
short electrical pulse (fig. 3(b)), one pulse being generated for each
cycle of input. This pulse is sent to the frequency limiting circuit
(fig. 2, block 11) which allows the passage of a maximm of approxi-—
mtely 300 electrical pulses per second. The function of this circuit
is to provide a mximum limit on the power applied to the mercury lamp,
and for disturbance frequencies above 500 cycles per second it allows a
relatively constant average power flow to the secondary mercury lamp.
The output of the frequency limiting circuit (fig. 3(c)) is sent to the
differentiating and amplifying circuit (fig. 2, block 12) which converts
the rectangular wave form to short pulses (fig. 3(d)), the maximm fre—
* quency of which is now 300 cycles per second. The amplified pulse then
triggers the variable time—delay circuit (fig. 2, block 13).

The variable time—delay circuit is essentially a triggered trape—
zoidal wave generator in which the duration of the generated wave is
proportional to and controlled by a voltage (fig. 3(e)) which increases
linearly with time, Since the pulses that control the flashing of the.
secondary light source are derived from the trailing edge of the trape—
zoidal wave (fig. 3(f)), each light pulse will lag the preceding one by
a constant increment of time — thus permitting the cyclic motion of the
aeroiynamic phenomenon to be visualized in slow motion on the schlieren
viewing screen. '

The output of the variable time—delay circuit (fig. 3(f)2 is coupled
to a differentiating and amplifying circuit (fig. 2, block 14) and there—
after amplified by the pulse amplifier (fig. 2, block 15). The output of
the pulse amplifier is used to trigger the hydrogen thyratron (fig. 2,
block 16) which causes the discharge of a fixed amount of energy

(fig. 3(g)) through the secondary, or stroboscopic, light source (fig. 2,
block 17). This produces the short flash of light (approximately

5 microseconds duration) which is focused at the secondary knife edge
(fig. 2, item 18) and which, according to the position of the plane
mirror (fig. 2, item 19) either illuminates the viewing screen of the
secondary schlieren system (fig. 2, item 20) or enters the motion—picturse
camera (fig. 2, item 21).

Photographic Records

Photographic records are obtained by diverting the secondary light
path into a 35 mm motion-picture camera (see figs. 1 and 2) modified by
the deletion of the shutter and the addition of a commutation mechanism
(fig. 2, block 22) which is synchronized to interrupt the stroboscopic
light during the moving portion of the film cycle. The simulated cyclic—
notior feature included in this instrument mmkes unnecessary a camera of
high frame speed to obtain motion pilctures of high—frequency disturbances.
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APPLICATIONS AND DISCUSSION

As bas been mentioned previously, fluctuations of frequency caused
by the smll velocity fluctuations occurring in subsonic wind tumnels, as
well as those inherent in some aerodynamic phencmena, preclude the use of
conventional stroboscopic schlieren systems for measurement of recurrence
rates or for detailed examination of high—frequency fluctuating flows.
The self-synchronizing stroboscopic schlieren system provides a means for
studying such disturbances in the wind tunnel while they occur. An exam—
ination of unsteady cyclic disturbances occurring, for -exsmple, behind a
blunt trailing-edge airfoil permits the observer to .study the formation
and discharge of vortices from the blunt base. The selected sequence of
photographs of figure k are presented as an illustration of the detail
visible on the viewing screen of such a fluctuating flow. (The fluctua—
tions in this case occur at about 150 cycles per second.) In Ffigure
4(a) the upper vortex has achieved full growth and has Jjust broken away
from the rear of the airfoil and a new vortex has begun to form. (Note
the rolling up of the boundary layer leaving the upper surface of the
airfoil,) The lower vortex is already well developed. In figure L(b)
the new vortex has attained about cne—fourth of its ultimate size., Suc—
ceeding stages of development are to be seen in figures lb(c), 4(d), and
k(e), Figure 4(f), showing the fully developed vortex following its
predecessor downstream, completes the cycle. Figures 5 to 9 are pre—
sented as additional illustrations of the application of the instrument.
The average frequencies of the fluctuations illustrated by these figures
range from 450 cycles per second in the case of the -larger cylinder
(fig. 5) to 9520 for the flow behind the aerodynamic body seen in fig—
ure 9.

In a1l of these investigations, as well as in that represented by
figure h it was possible to observe the formation and detachment of the
vortices behind the models, and ths propagation of pressure waves at any
desired rate and for ‘any desired period of time.

These applications of the self-synchronizing stroboscopic schlieren
instrument by no means exhaust its possibilities, nor does 10,000 cycles -
per second represent the maximum frequency range to which it may be
adapted. This frequency range was adequate for the particular series of
investigations, of which those described in the preceding paragraph are
typical examples. Modifications of the electronic circuit, which may be
made without great difficulty, would permit use in applications requiring
frequencies up to 100,000 cycles per second. Application of the self-—
synchronizing stroboscopic feature is limited, however, to cyclic phe—
nomens. having the following characteristics: (1) The size and shape of
each disturbance mist be nearly the same, and (2) the time history of
each disturbance from a fixed point must be approximately constant for
each cycle.
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Although the instrument was designed for use in conjunction with a
schlieren apparatus to facilitate research investigations of unsteady
flow phenomena, the electronic portion may readily be modified for use in
any application where a manually controlled stroboscope proves inadequate
because of the inconstant frequency of the observed phenomenon. In addi-
tion, the variable time—delay feature of the instrument might well be
included in numerous other instruments.

Ames Aeronautical Iaboratory
National Advisory Committee for Aeromautics
Moffett Field, Calif,, Aug. 9, 1951

~
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APPENDIX

CIRCUIT IESCRIPTION

The schematic diagrams of the electranic circults are shown in
figures 10 and 11 and the components are listed in table I. Inspection
of the figures shows tbhat most of the circuits are of conventional
design; thus, only the more complex circuits are discussed here.

Frequency Indicating Circuit

The frequency—indicating circuit is essentially a gaps—~tube binary
scalar modified by the addition of the differentiating circuits
(C10, R22 and Cl1, R25), the rectifying diocde (V6), and the frequency—
indicating micrcammeter.

In cases where the signal—to-nolse ratio of the amplifier output is
low and a precise measurement of frequency is required, the output of
the amplifiers 1s coupled to a synchroscope and a Stroboconn. The syn—
chroscope is used to measure the approximate frequency, and the Stro-
boconn to obtain the precision necessary. This arrangement is only
sultable for frequency ranges from approximately 30 to 4000 cycles per
second.

Frequency—-Limiting Circuit

The frequency—limiting circuit is a one—shot multivibrator (V8-L
and V8-2) modified by the addition of tube Vi-l. The tube V7-l is
included to lnsure that capacitor Cl15 is fully charged during the
intervel when the grid of V8-l 1s beyond cut-off. The duration of the
"off" time of V82 is initially set at approximately 3300 microseconis
by choice of R35 and Cl15, A pulse derived from the leading edge of thse
plate signal of V8-2 is used to control succeeding operations.

Variable Time-Delay Circuit

Variable time delay is achieved by a phantastron time-delay circuit
(references 1 and 2) composed of tubes V9 and V10, When the circult is
in the stable quiescent condition, there is no current flow to the plate
of V10 due to the bilas voltage between grid No. 3 and the cathode.
Application of a negative pulse to the cathode of V9—1 causes the plate
voltage and consequently the grid No. 1 voltage (via cathode follower V9—2
‘and capacitor C22) to decrease with respect to ground potential. This
decrease of grid No. 1 voltage reduces the total current flowlng in V10
and, since R48 is not by-passed, the bias on grid No. 3 decreases with
respect to the cathode. A switching action thus takes place so that cur—
rent flows to the plate circuit. As the charge on C22 leaks off through
R50, the plate current increases until a value of plate current is
reached for which a further increase in grid No. 1 voltage causes a

1
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decrease in plate current. At this point a switching action takes place,
and the current switches from the plate circuit to grids Nos. 2 and 4
of V10, the quiescent condition of the circuit.

The time required for the circuit to return to quiescent condition
constitutes the time delay of the circuit. This time 1s determined by
the initial charge on C22, Since C22 is charged through the cathode of
V9—2 and the control grid of V10, the initial charge on C22 can be con—
trolled by controliing the quiescent—plate voltage of V10. A saw—toothed
voltage from a relaxzation—type generator is placed on the cathode of
V9—-1 through isolating resistor R43. This saw—toothed vqltage causes a
similar variation in the quiescent plate voltage of V10, and conse— .
quently in the gquiescent charge on C22, thereby producing a time delay
which increases linearly with time, The duration of the saw—toothed wave
is very long (2 to 5 sec.) compared to the rate at which the variable—
delay circuit receives. triggering pulses (approximately 300 per sec.).
Thus, even though a Jjitter of the immge on the secondary viewing screen
occurs every time the saw—toothed wave recovers, this Jitter is not
obJjectionable to the viewer. A switch is provided so that the operator
may control the time delay from a manually adjustable potentiometer.

The maximm delay of the variable time—delay circult must not
exceed the minimmm interval between pulses as determined by the fre—
quency limiting circult. Violating this condition results in a vari—
ation in the light intensity at the secondary viewing screen which is
in synchronism with the saw-toothed wave.

The ILamp and Pulsing Circuit

The three—stage pulse amplifier shown in figure 11 produces a
230—volt positive pulse (0.3 microsecond rise time and 1.5 microsecond
duration) which drives the grid of a 5C22 hydrogen thyratron (V20). The
application of the positive pulse causes the tube to fire, which in turn
causes the discharge of the energy stored in capacitors Cﬁ5 and C46
through V20 and the lamp (an aircooled, high—pressure mercury-arc lamp,
type BE-6.) A light flash is emitted which has a duration of approxi—
mately 5 microseconds and a peak intensity of 100 times the intensity
obtained from the lamp when operated under manufacturer's ratings.

During the interval between pulses, CU5 and Ch6 recharge fram the
high—voltage power source, The lamp 1s held conductive by & small direct
current (approximately 25 milliamperes) supplied from the high-voltage
source via R81. This current performs two functions: First, it elimi-
nates a source of time jitter between the firing of V20 and emission of
light from the lamp; second, 1t allows operation of the lamp at higher
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average power dissipation without intermittent misfiring. This results
from the fact that the lonization potential of the lamp increases with
pressure, which is proportional to average power dissipation. If the
pressure increase becomes excessive, reionization of the lamp becomes

erratic, By maintaining the lamp in the ionized state, this instabil-—.
ity is eliminsated.

Low—Voltage Control Circults

Most of the low—voltage switching has been eliminated from the
drawings in order to present clearly the essential portions of the cir—
cuit. It is sufficient to say that relays and interlocks must be
arranged to allow sufficient heating of the filaments of the gas tubes,

to protect equipment and personnel, and to provide convenient operation
of the equipment.
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Rl

R2

R3

Rk

R5

R6

R7

RE

RS

R10
R11
R12
R13
R1L
R15
- R16
R17
R18
R19
R20
R21
R22
R23
R2L
R25
R26
R27
R28
R29
R30
R31
R32
R33
R34
R35
R36
R37
R38
R39
R4O
R41
Ri2
RY43
R4L

22,000
22,000
22,000
22,000
22,000
22,000
22,000
22,000
22,000
10,000

470,000

680

270,000

ohms
ohms
ohms
ohms
ohms
ohms
ohms
ohms
ohms
‘ohms
ohms
ohms
ohms

1.2 megohms

33,000

ohms

1 megohm

680
1,500
100,000
20,000
2,000
3,300
100,000
100,000
3,300
5,000
10,000
15,000
100,000
56,000
100,000
330,000
20,000
1,000

ohms
ohms
ohms
ohms
ohns
ohms
ohms
ohms
ohms
chms
ohms
ohms
ohms
ohms
ohms
ohms
ohms
ohms

2.2 megohms

10,000
10,000
10,000
20,000

220,000
12,500

5,600
10,000
5,600

ohms
ohms
ohms
ohms
ohms
ohms

ohms -

ohms
ohms

TABLE I.— LIST OF COMPONENTS

68,000 ohms
20,000 ohms
6,800 ohms
10,000 ohms
2.2 megohms
1 megohm
25,000 ohms
10,000 ohms
40,000 ohms
20,000 ohms
270,000 ohms
10,000 ohms
20,000 obms
40,000 ohms
150 ohms
47,000 ohms
70,000 ohms
10,000 ohms
- 50,000 ohms
50,000 ohms
100,000 ohms
2,000 ohms
2,000 ohms
2,000 ohms
47,000 ohms
10,000 chms
40,000 ohms
5,000 ohms
10,000 ohms
T5 ohms
12,000 qhms
5,000 ohms
220,000 ohms
2,500 ohms
T ohms

5 megohms

oW
iow
w
W

w
w
SW
W
oW
W
w
1w
oW
oW
W
oW
oW
25w
50W
plo)
=y
W
M
oW
w
™
5W
oW
w
oW
25w
100
oW
106
10w
10W

carocn
wire

carbon
carbon

carbon
carbon
carbon
carbon
vire
wire
carbon _
carbon
wire
wire
wire

~wire

wire
Ohmite
Ohmite
Ohmite
carbon
carbon
vwire
Wire
carbon
wire
Wwire
wire
carbon
wire
wire
wire
carbon
wire

“Wire
~high volt—

Resistors
1/2W carbon RY5
'1/2W carbon RU6
1/2W carbon RUT7
1/2W carbon R4S
'1/2W carbon Rk9
1/2W carbon R50
1/2W carbon R51
1/2W carbon R52
1/2W carbon R53

1W carbon - R5L4
1W carbon R55
1W carbon R56
1W carbon, R57
1W carbon R58
W carbon R59
1W carbon R60
1W carbon R61
- 5W wire RE2
1W carbon R63
1W carbon R6M
5W wire R65
2W carbon R66
2W carbon R6T
1W carbon R6R
2W carbon R69
5W wire B-(O
5W wire RT2
1W carbon RT3
1W carbon ‘R7b
1W carbon RT5
1W carbon RT6
5W wire RTT
5W wire R78
1W carbon RT79
10W wire R8O
10W wire
1W carbon R81
5W wire R8>
W carbon . R83
5W wire
1W carbon R84
1W carbon -
1W carben ‘

200,000 ohms
10,000 ohms

1 megohm

22 qhms

age

4OOW wire

800W wire -
10W high—
voltage
5W wire
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TABLE I.-— CONTINUED

Potentiometers
P1 70,000 ohms YW wire wound P5 20,000 ohms 4W wire wound
P2 10,000 ohms YW wire wound P6 20,000 omms LW wire wound
P3 10,000 olms LW wire wound PT 10,000 ohms LW wire wound
P4 10,000 ohms UW wire wound P8 2 megohms 3W carbon
Inductors
L1 13 henries ho MA 18 2.25 microhenries
12 13 henries 4o MA 19 2.25 microhenries
I3 8 henries 200 MA 110 12 henries
It 8 henries 200 MA 111 6 henries
15 .34 henries Audio Choke o L1z 1 millihenry
L6 .34 henries Audio Choke : 113 . 1 millihenry
L7 16 millihenries L14 12 henries
Transformers
T1 117/2.5VCT Filament ‘ T8 117/11,000VCT 200 MA
T2 117/1200 V at 5 MA . T9 GE No. 59G37 high reac—
T3 117/750VCT, 150 MA/5VCT,3A/6.3VCT, 5A tance
T4 10,000 ohm primary, intersiage T10 ignition coil
T5 117/6.3VCT Filament T11 117/5V/5V/5V Filament

T6 117/T50VCT, 150MA/SVCT,3A/6.3VCT, SA T12 117/6.3V Filament
T7 117/2.5VCT 10A Filament '

Condensers
Cl1 .003 mfd 600V paper Cl7 .0005 mfd 300V mica
c2 .003 mfd 600V paper c1i8 50 mfd 50V electrolytic
c3 10 mfd 25V electrolytic cl9 .001 mfd 60OV paper
chk .1 mPd 600V paper Cc20 .001 mfd 600V paper
c5 .1 mfd 600V paper co1 .5 mfd 600V paper
cé6 .1 mfd 600V paper c22  .005 mfd 600V paper
c7 8 mfd 450V electrolytic ¢23 ,005 mfd 600V paper
c8 10 mfd 25V electrolytic c2k .001L mfd 600V paper
Cc9 12 mPd 450V electrolytic - c25 15 mfd 1500V pyranol
C10 .0005 mfd 300V mica c26 15 mfd 1500V pyranol
Cll .0005 mfd 300V mica ca7 16 mfd. 600V electrolytic
Cl2 .0005 mfd 300V mica " c28 16 mfd 600V electrolytic
C13 50 mfd 50V electrolytic c29 8 mfd 600V paper
Cc1h .5 mfd 600V paper C30 12 mfd 450V electrolytic
€15 .003 mfd 300V mica C31 12 mfd 450V electrolytic

c16 16 mfd 450V electrolytic C32 .0005 mfd 300V mica
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TABLE I.— CONCLUIED

Condensers
C33 .01 mfd 600V paper - ch3 .002 mfd 600V paper
c3% .5 mfPd 600V paper chiltr .1 mfd 600V paper
C35 .05 mfd 600V paper chs .Ob mPd 12KV oil filled
€36 .05 mfd 600V paper ck6 .Obk mPd 12KV oil filled
C37 50 mfd SOV electrolytic Chk7 16 mPd 600V electrolytic
€38 .002 mfd 600V paper chk8 16 mPd 600V electrolytic
C39 10 mfd 50V electrolytic ck9 18 mPd 7500V oil filled
CLo ,002 mfd 600V paper C50 .05 mfd 12KV oil filled
chl 10 mPd 50V electrolytic - €51 30 mfd 1500V oil filled
Ch2 8 mfd 600V electrolytic C52 - 4 mfd 600V paper
bes

V1 1P21 vik 884

V2 6837 V15 2%X2A

V3 6F6G V16 6H6

V4 884 V17 6AGY

s 88h vi8 807

V6 6H6 : . V19 8ot

V7  6SNT : ' V20 522

v8 6SNT V2l 5ukG

V9  6SK7 V22  866/866A

V10 6SAT V23 866/866a

V11 68N7 2k 872

vi2 50k - V25 872

Vi3 O0A3/VRT5 , w6 87

Vo7 812
W
Miscellaneocus

T time-delay relay, 30 seconds
Dl dry-disc rectifier
lamp; air cooled, Mercury arc type BH-6
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Figure .~ Parspective visw of the self-synchroniZing siroboscople apparofus.
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Relatlve Voltage Amplitude

AWAWAWAWAWANANWAWA
\/\/\/\/\f\/\]\/\/f\\/\\

(a) Output of filter, block no. 8

v

AN

(b) Output of frequency indicator, block no. 10

1] ]

(c)Output of frequéncy limiter, block no. /!

. L \ |

(d) Output of differentiator and amplifier, block no. 12

| A

(8) Saw-toothed wvoltage wave which confrols variable time delay circuit

— [—— S

(f)Output of variable time delay circuit, block no. 13

| k N

(g)Output of hydrogen thyratron and energy storage circuit, block no. 16

== Time W

Figure 3.~ Representative wave forms at various locations
In the electronic circult
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A-l;lSl

(a) Boundary layer leaving upper surface of airfoil rolls up to
start new vortex.

Figure 4.- Vortex discharge from the rear of a blunt trailing-edge
airfoil. Discharge frequency, 150 cycles per second.
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(p) Vortex forming off upper gurface has attalned a.pproximtely
one~fourth ultimte size.

Figure 4.— Contimued.
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(c) Vortex from lower surface has become detached from the rear
of the blunt trailing-edge airfoil.

Figure k.- Continued.
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(d) Vortex forming off upper surface approaches nltimate size.

Figure 4,— Continued.
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(e) Vortex forming off upper surface immediately prior to

detachment.
Figure 4.~ Continued.
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(f) Fully developed vortex from upper surface follows predecessor
downstream. )

Figure 4.- Concluded.
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Figure 5.— Vortex discharge from rear of 1l.T[0O—inch-diameter
cylinder. Discharge fredquency, 450 cycles per second.
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Figure 6.— Vortex discharge from rear of 0.590—inch-diameter

Discharge frequency, 2630 cycles per second.

cylinder,
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Figure T.— Vortex discharge from rear of 0.250-inch-dismeter
cylinder. Discharge frequency, 6250 cycles per second.
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Figure 8,— Vortex discharge from rear of blunt trailing-edge
airfoil. Discharge frequency, 6800 cycles per second.
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Figure 9.— Vortex discharge from rear of blunt trailing—edge
airfoil. Discharge frequency, 9520 cycles per second.
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Figure |O.— Schematle drawing of self-synchron&ing sfroboscoplc schiieren control circults.
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Figure |1.—Schematic drawing of self-synchronizing stroboscopic schlieren power circuirs.
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